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Abstract
1. Population‐scale responses of key ecological traits to local environmental conditions provide insight
into their adaptive potential. In species with temperature‐dependent sex determination (TSD),
short‐term, individual developmental responses to the incubation environment have long‐term
consequences for populations.
2. We took a model‐based approach to study within‐ and among‐population variation in the physiological
components of TSD in 12 populations of painted turtles (Chrysemys picta). We used laboratory and
field incubation data to quantify variation in thermal reaction norms at both population and clutch
scales, focusing on the pivotal temperature that produces a 1:1 sex ratio (P) and the transitional range
of incubation temperatures (TRTs) that produce mixed sex ratios.
3. Defying theoretical expectations, among‐population variation in P was not convincingly explained by
geography or local thermal conditions. However, within some populations, P varied by >5°C at the
clutch scale, indicating that the temperature sensitivity of gonadal differentiation can vary substantially
among individual nesting females. In addition, the TRT was wider at lower latitudes, suggesting
responsiveness to local incubation conditions.
4. Our results provide a potential explanation for discrepancies observed between constant‐temperature
experimental results and outcomes of fluctuating incubation conditions experienced in natural nests,
exposing important knowledge gaps in our understanding of local adaptation in TSD and identifying
shortcomings of traditional laboratory studies. Understanding individual variation and the timing of
gonadal differentiation is likely to be far more useful in understanding local adaptation than previously
acknowledged.
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16 Abstract
17 1. Population-scale responses of key ecological traits to local environmental conditions provide 
18 insight into their adaptive potential. In species with temperature-dependent sex 
19 determination (TSD), short-term, individual developmental responses to the incubation 
20 environment have long-term consequences for populations. 
21 2. We took a model-based approach to studying within and among-population variation in the 
22 physiological components of TSD in 12 populations of painted turtles (Chrysemys picta). 
23 We used laboratory and field incubation data to quantify variation in thermal reaction norms 
24 at both population and clutch scales, focusing on the pivotal temperature that produces a 1:1 
25 sex ratio (P) and the transitional range of incubation temperatures (TRT) that produces 
26 mixed sex ratios.
27 3. Defying theoretical expectations, among-population variation in P was not convincingly 
28 explained by geography or local thermal conditions. However, within some populations, P 
29 varied by > 5°C at the clutch scale, indicating that the temperature sensitivity of gonadal 
30 differentiation can vary substantially among individual nesting females. In addition, the 
31 TRT was wider at lower latitudes, suggesting responsiveness to local incubation conditions. 
32 4. Our results provide a potential explanation for discrepancies observed between constant-
33 temperature experimental results and outcomes of fluctuating incubation conditions 
34 experienced in natural nests, exposing important knowledge gaps in our understanding of 
35 local adaptation in TSD and identifying shortcomings of traditional lab studies. 
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36 Understanding individual variation and the timing of gonadal differentiation is likely to be 
37 far more useful in understanding local adaptation than previously acknowledged.
Page 3 of 52
Functional Ecology: Confidential Review copy
Functional Ecology: Confidential Review copy
4
38 Keywords 
39 biogeography, constant-temperature equivalent (CTE), embryonic development, geographic 
40 variation, incubation, painted turtle (Chrysemys picta), reptiles, thermal reaction norm
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41 Introduction
42 How organisms respond to changing environments is a guiding question of macroecology. Species 
43 with broad geographic or elevational distributions often exhibit population-specific responses to 
44 local environmental conditions (Taylor, Ternes, & Lattanzio, 2018). Thus, detecting within and 
45 among-population variation in important traits is key for understanding if, and how, species can 
46 respond to temporal or spatial environmental shifts. Within the context of contemporary climate 
47 change, thermally-mediated traits are of particular importance (Kingsolver, Diamond, & Buckley, 
48 2013; While et al., 2018). The ideal model trait for examining the intraspecific and interspecific 
49 effects of thermal heterogeneity is (1) fundamental to organismal physiology, (2) directly impacted 
50 by temperature in at least one measurable way, (3) intrinsically involved with key processes that 
51 extend beyond the trait itself and (4) subject to biologically significant, contemporary variation in 
52 thermal conditions (Angilletta Jr., 2009; Kingsolver et al., 2013).
53 Temperature-dependent sex determination (TSD) meets the above criteria but is relatively 
54 understudied as a thermal trait (While et al., 2018). In species with TSD, incubation temperatures 
55 directly impact both embryonic development rates and the outcome of gonadal differentiation at the 
56 organism scale. However, these short-term developmental outcomes have long-term implications at 
57 the population scale, since sex-specific recruitment translates to operational sex ratios on a time lag 
58 of years, or even decades (Chaloupka & Musick, 1997; Schwanz, Janzen, & Proulx, 2010). TSD is 
59 also a model trait for assessing our ability to translate organism-scale physiology to population 
60 structure and species survival. Many organisms with TSD are subject to considerable spatial and 
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61 temporal variation in developmental temperatures (Refsnider & Janzen, 2016), and several studies 
62 suggest that populations have responded in potentially adaptive directions to local climates (Doody 
63 et al., 2006; Ewert, Lang, & Nelson, 2005; Morjan, 2003; Pen et al., 2010).
64 In species with TSD, the pivotal incubation temperature (P, or Tpiv of some authors), is the 
65 temperature(s) at which offspring sex ratios are theoretically 1:1. Girondot (1999) hypothesised that 
66 nest-scale values of P might not provide a good estimate for a population’s response, even to 
67 constant-incubation conditions (albeit, this was based on observed variation in P > 1°C between two 
68 clutches of loggerhead turtles (Caretta caretta). However, he also noted that clutch-scale P only 
69 varied by about 2°C under constant incubation (Mrosovsky, 1988) and urged caution when 
70 translating lab-derived P to field conditions (Mrosovsky & Pieau, 1991). Nevertheless, P has been a 
71 convenient proxy for describing the thermal reaction norm of sex determination at the population 
72 scale (Fig. 1) (Bull, Vogt, & Bulmer, 1982; Ewert, Jackson, & Nelson, 1994; Mrosovsky, 1988; 
73 Pezaro, Doody, & Thompson, 2017).
74 If the TSD reaction norm is responsive to incubation temperatures in a way that would 
75 maintain roughly balanced primary sex ratios (Bull & Charnov, 1988), we would expect to observe 
76 an inverse relationship between P and latitude, where latitude is a proxy for incubation temperature. 
77 In fact, both positive and negative trends in the intraspecific relationship between P and geographic 
78 location (both latitude and longitude) have been identified for several species with TSD using data 
79 from constant-temperature incubation experiments (Bull et al., 1982; Ewert et al., 1994, 2005; 
80 Mrosovsky, 1988). However, natural nests typically experience wide diel fluctuations and seasonal 
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81 variation in incubation temperatures, a reality that contemporary models of TSD attempt to account 
82 for (Carter, Sadd, Tuberville, Paitz, & Bowden, 2018; Georges, Beggs, Young, & Doody, 2005; 
83 Telemeco, Abbott, & Janzen, 2013). In addition, the value of P can vary significantly among 
84 clutches in a single population (McGaugh & Janzen, 2011; Mrosovsky, 1988; Zaborski, Dorizzi, & 
85 Pieau, 1988). Reconciliation of this natural variation with experimental data from across 
86 geographically disparate populations nonetheless remains a significant research gap (Bowden, 
87 Carter, & Paitz, 2014).
88 A component of TSD that has received relatively little attention is the transitional range of 
89 temperatures (TRT) (Ewert et al., 2005; Hulin, Delmas, Girondot, Godfrey, & Guillon, 2009). The 
90 TRT is the range of temperatures, again defined in terms of constant-temperature incubation, that 
91 produces mixed offspring sex ratios. Whereas P is a function of the intercept of a reaction norm, the 
92 TRT is a function of its slope. Like P, the TRT varies among populations and contributes to 
93 variation in primary sex ratios (Mrosovsky & Pieau, 1991). However, P and TRT are not strictly 
94 independent. When derived from constant-incubation temperature experiments, P is a population-
95 scale, or at least a cohort-scale, metric. However, each clutch of eggs also has its own P 
96 (Mrosovsky & Pieau, 1991), and within-population variation in P is a potential mechanism for 
97 responding to climate-linked variation in incubation conditions (McGaugh & Janzen, 2011). In 
98 addition, P is only a single, theoretical point within the TRT (Mrosovsky & Pieau, 1991), analogous 
99 to the thermal optimum within a breadth of responses (Angilletta Jr., 2009). The wider a 
100 population’s TRT, the less responsive P should be to changing incubation temperatures. Thus, 
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101 intraspecific variation in the TRT may be a more realistic – and detectable – indicator of local 
102 resilience to environmental change than P. Consequently, we conducted a geographically-broad 
103 scale study of TSD to address the following predictions: 
104  In a geographically widespread species, the pivotal temperature and/or transitional range of 
105 temperatures varies within or among distinct populations.
106  The pivotal temperature and transitional range of temperatures co-vary among populations.
107  Local thermal conditions explain variation in TSD reaction norms among populations.
108  Modeled TSD reaction norms capture developmental outcomes in natural nests.
109 In addressing these issues at unprecedented intraspecific scales, we provide critical insights into the 
110 adaptive potential, as well as the thermal niche, of a fundamental trait.
111 Materials and methods
112 Study system
113 We examined the potential for geographic variation in the sex-determining system of painted turtles 
114 (Chrysemys picta ssp.), a well-studied species (While et al., 2018) that has the widest longitudinal 
115 distribution and 2nd-largest overall range of a North American turtle (> 5 million km2) (Iverson 
116 unpub. data). This range encompasses three subspecies, C. p. bellii, C. p. marginata and C. p. picta, 
117 that are not genetically distinct (Jensen et al. 2015; Fig 2.). Like most turtles, C. picta have TSD 
118 type Ia (Janzen & Paukstis, 1991), the system in which only male hatchlings are produced at 
119 relatively cool temperatures and females at warm temperatures. A mix of male, female and, more 
120 rarely, intersex hatchlings is produced within a single TRT (Fig. 1). Previous studies have estimated 
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121 P for three U.S. populations of C. picta between 27.4 - 29.1°C (Ewert et al., 1994; Hulin et al., 
122 2009; Refsnider, Milne-Zelman, Warner, & Janzen, 2014), with a TRT of 1.2 - 3.8°C (Hulin et al., 
123 2009; Morjan, 2003; Refsnider et al., 2014). 
124 For this study, we used data on hatchling sex ratios from constant-temperature incubation 
125 experiments conducted intermittently from 1998-2014 on eggs (N = 2 - 30 per treatment) collected 
126 from eight populations of C. picta, primarily the bellii subspecies, in the U.S. states of Idaho (ID), 
127 Illinois (IL), Kansas (KS), Minnesota (MN), Nebraska (NE), New Mexico (NM), Oregon (OR) and 
128 Virginia (VA). Field research methods can be found in Janzen (1994) and Schwanz et al. (2009). 
129 We also incorporated published data (5 ≤ N ≤ 313 per treatment) from populations in Indiana (IN) 
130 (Ewert & Nelson, 1991), Maryland (MD) (Dimond, 1983), North Dakota (ND) (Turk Rhen & Lang, 
131 1998), Wisconsin (WI) (Bull et al., 1982) and Ontario (ON) (Schwarzkopf & Brooks, 1985) and 
132 from a taxonomically divergent population (C. dorsalis) in Tennessee (TN) (Bull et al., 1982; Ewert 
133 et al., 1994), yielding data from 14 populations across > 6.0 degrees of latitude and > 6.5 degrees of 
134 longitude. A subset of these studies also included data on incubation temperatures and sex ratios 
135 from natural nests.
136 Sex ratio model selection using constant-incubation experiments
137 We used the tsd() function in R package ‘embryogrowth’ (Girondot, 2018) to determine which of 
138 five potential TSD models (Godfrey, Delmas, & Girondot, 2003a; Hulin et al., 2009) would provide 
139 the best fit to constant-incubation data for each of the 14 populations using maximum likelihood 
140 (Girondot, 1999; Godfrey, Delmas, & Girondot, 2003). We also fit a model to combined data from 
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141 all 13 populations of C. picta (i.e., sans the TN population of C. dorsalis). Model goodness-of-fit 
142 was assessed using sample size-corrected Akaike Information Criterion (AICc) (Sakamoto, 
143 Ishiguro, & Kitagawa, 1986). Initial modelling indicated support for the logistic, A-logistic (also 
144 referred to as the Richards model) and Hill models (See Table S1 in Supporting Information). 
145 However, visual assessment of plots did not support the Hill model, so subsequent fitting for all 
146 populations was conducted using the A-logistic model (Equation 1) (Girondot, 1999; Godfrey, 
147 Delmas, & Girondot, 2003):







148 where T is the constant incubation temperature, P is the population-specific pivotal temperature 
149 (°C); S describes the shape of the sex ratio function as temperatures transition from male-producing 
150 to female-producing; and K is a numeric constant equal to ) that allows for 2 ∙ 𝑙𝑛(𝑥 1 ― 𝑥
151 asymmetry around P, where the lower and upper boundaries of the TRT, respectively, produce sex 
152 ratios (sr) of  and  (Girondot, 1999; Godfrey et al., 2003). The S parameter essentially 𝑥 1 ― 𝑥
153 describes the steepness of the slope of the response. When S > 0, sex ratios increase from 0 to 1 and 
154 decrease from 1 to 0 when S < 0 (Girondot, 1999). As   0, the response becomes more vertical, |S|
155 and the width of the TRT decreases. Where K = 0, Equation 1 reduces to a logistic model (Equation 
156 2):
sr(T) =  1
1 + e
(1S)(P - T) (2)
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157 The S parameter is the main determinant of the width of the TRT (Girondot, 1999). We used x = 
158 0.05, which defined the TRT as the range of temperatures that produces sex ratios of between 5-
159 95% male (Godfrey et al., 2003).
160 Model validation using natural nests
161 Using hourly substrate temperatures measured in intermittent seasons from 1995-2014 
162 (Thermochron® iButton® data loggers DS1921G, accuracy/resolution ± 1°C/0.5°C; Maxim 
163 Integrated: San Jose, CA), we predicted values for the constant incubation temperature equivalent 
164 (CTE) during the estimated period of gonadal differentiation for 201 natural nests from 6 
165 populations via a nonlinear development function, previously validated for C. picta (Telemeco et 
166 al., 2013). The CTE model summarises the diel thermal variation experienced in the wild (Georges, 
167 1989) into a single value, which can then be used as the T parameter in Equation (1) to predict 
168 hatchling sex ratios (Georges 1989; Georges et al 1994). We used temperatures from the month of 
169 July to estimate the timing of gonadal differentiation (Janzen, 1994). Validation was limited to six 
170 populations for which both hourly temperature data and hatchling sex ratios were available from the 
171 field: ID (N=56), IL (N=7), MN (N=53), NE (N=72), NM (N=5), and OR (N=8) populations. Data 
172 were collected from 2012 – 2015, but not all populations were sampled in all four years.
173 Values for the CTE were estimated in Matlab v R2018a (Mathworks®; Natick, MA), using the 
174 code provided in Telemeco et al. (2013). We used mean diel temperatures and ½ the diel range for 
175 each nest to estimate daily CTEs, then took the median daily CTE value as the ‘true’ CTE for each 
176 nest. The logged temperature data contained occasional unrealistic values (< 0°C or > 60°C). 
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177 Temperatures < 14°C (critical thermal minimum) (Les, Paitz, & Bowden, 2007) or > 34°C (critical 
178 thermal maximum) (Neuwald & Valenzuela, 2011) would always result in zero development, so 
179 extreme values would only affect CTE estimates if they shifted the location of the daily median. We 
180 tested the effect of those potential outliers by estimating hourly CTEs using three datasets: (i) the 
181 original dataset, with sporadic values < 0°C replaced by linear interpolation, but all high values 
182 included, (ii) a dataset constrained to values ≤ 50°C, and (iii) a dataset constrained to values ≤ 
183 40°C. We also estimated CTEs for the first dataset +/- 1°C to capture the extremes of potential error 
184 in the data loggers.
185 To determine how well the constant-incubation models predicted offspring sex ratios in 
186 natural nests, we used generalised linear models (GLMs) with binomial error distribution and logit 
187 link. As our response variable, we took the absolute value of the difference between modeled and 
188 measured sex ratios as an index of prediction accuracy, then coded indices > 0.25 as ‘0’ and indices 
189 ≤ 0.25 as ‘1’, regardless of whether hatchlings from a nest were predominantly male or female. We 
190 repeated the analysis using accuracy indices of 0.50 and 0.75, the latter of which is most similar to 
191 the validation criterion used by previous studies, which tend to bin hatchling sex ratios categorically 
192 as ‘all-male’, ‘all-female’ or ‘mixed’ (e.g., Telemeco et al. 2013). Our predictors were year, 
193 location and ‘model’ (which coded for whether the population-specific or ‘all population’ model 
194 was used, which temperature data were used and +/- standard errors in P and S (See Table S2d in 
195 Supporting Information). 
196 Individual variation 
Page 12 of 52
Functional Ecology: Confidential Review copy
Functional Ecology: Confidential Review copy
13
197 Since the relationship between sex ratio and temperature is essentially linear within the TRT if the 
198 reaction norm is described by the logistic model, we used the point-slope equation to find P for each 
199 nest, given the CTE estimated from measured hourly temperature data and true sex ratios. To be 
200 able to solve for P, we derived values for the slope from the straight-line segment of each of the six 
201 population models used for validation. We used Mann-Whitney U tests (aka Wilcoxon rank sum 
202 tests), which estimate differences between two samples in terms of a ‘location shift’ in medians, to 
203 compare the distributions of P and CTE between populations.
204 Geographic variation
205 We used linear models to test for geographic patterns in population-specific P and S, using 
206 geographic coordinates obtained by entering reported population locations as points in Google 
207 Earth, excluding the MD population, for which specific location information was not available and 
208 model fit was unreliable (likely due to the very low sample size). We also excluded the TN 
209 population, which belongs to a separate evolutionary lineage, C. dorsalis (Jensen, Govindarajulu, & 
210 Russello, 2015; Starkey et al., 2003), giving us rough values of latitude and longitude for 12 
211 populations of C. picta.
212 In addition to testing location coordinates as proxies for local temperatures, we explicitly 
213 assessed local thermal conditions. We downloaded hourly substrate temperature data from the 
214 microclim dataset (Kearney, Isaac, & Porter, 2014), then extracted data for each population using 
215 the approximated geographic coordinates. The microclim dataset contains mechanistically-modeled 
216 microclimate conditions, computed from a global, 10 arc-min dataset of climate normals for the 
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217 period 1961–1990 (Kearney et al., 2014). We summarised microclimate data as mean, minimum 
218 and maximum July temperatures at 1cm above the surface and at depths of 0cm (the surface), 5cm 
219 and 10cm for ‘soil’ and ‘sand’ substrates, the former of which included a 5cm ‘organic cap,’ and 
220 assuming no canopy shading at any of the sites.
221 All statistical analyses were conducted in R v 3.5.0 (R Foundation 2018). Plots were created 
222 using R package ggplot2 (Wickham, 2016), and the map showing locations of C. picta populations 
223 (Fig. 2) was created in QGIS v 3.0.3 (QGIS Development Team 2018).
224 Results
225 Sex ratio model selection using constant-incubation experiments
226 Values for P varied from 27.7 – 29.1°C among populations, supporting previous estimates (Table 
227 S1, Fig. 2) (Hulin et al., 2009; Janzen & Paukstis, 1991; Refsnider et al., 2014; Schwarzkopf & 
228 Brooks, 1985). Values for S (which indicates the symmetrical shape of the curve as the incubation 
229 temperature approaches P) varied from -0.7 – -0.1, and the width of the TRT varied among 
230 populations from 1.0 – 3.4°C (Table S1, Fig. 2). Although the Hill model had the best relative 
231 goodness-of-fit for several populations, based on AIC alone (Table S1), graphical assessment 
232 showed that the Hill model was not a good fit for the data. Ultimately, we chose the logistic model, 
233 which had similar statistical goodness-of-fit and improved graphical fit for the majority of 
234 populations (Table S1). The incubation data for the MD population did not include enough data 
235 points < 28°C (i.e., clutches with sex ratios other than 0 or 1) to fit a reasonable curve, so that 
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236 population was not included in subsequent analyses (Fig. 2). The value of P for the TN population 
237 of C. dorsalis was 0.6°C lower than the minimum value for C. picta (Table S1).
238 Model validation using natural nests
239 Removing outliers or constraining the upper limit of hourly temperatures had little effect on 
240 estimated CTE values. The maximum value was slightly higher when temperatures were 
241 constrained to ≤ 40°C than for the other datasets (33.08°C v 32.90°C), but these values were well 
242 above the upper limit of the TRT. Including a potential error of -1°C had no impact on CTEs, but 
243 +1°C of error constrained the range of CTEs substantially (Fig. S3).
244 Overall, the logistic models fit to constant-temperature incubation data did a mediocre job of 
245 predicting ‘true’ sex ratios from nests (Fig. 3). Values for Kendall’s tau (𝞣b) between modeled and 
246 field-measured sex ratios were 0.28 for all of the population-specific models and 0.32 for the ‘all 
247 model’ predictions. When we defined prediction success at the 0.25 threshold, models predicted 56-
248 59% of ‘true’ sex ratios, and choice of model had little effect on predictive ability (See Table S2a in 
249 Supporting Information). Not surprisingly, models that incorporated potential data logger error into 
250 the original temperature datasets were the exceptions. When we defined success at the 0.50 
251 threshold, models predicted 68 – 70% of sex ratios correctly (See Table S2b in Supporting 
252 Information). At a threshold of 0.75, models predicted 75-78% of ‘true’ sex ratios (See Table S2c in 
253 Supporting Information). The odds of predictive success varied among years and for different 
254 populations (Tables S2a-2c).
255 Individual variation
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256 The estimated clutch-scale values of P were approximated by population-scale values of P, though 
257 the latter values tended toward the low tail of the full distribution (Fig. 4A), indicating that 
258 modelling the outcomes of constant-temperature incubation has, so far, not realistically captured the 
259 range of reaction norms found in nature. This result is consistent with model validation. Nest-scale 
260 P differed among populations (Χ2 = 20.19, df = 5, p < 0.01) and years (Χ2 = 12.37, df = 3, p < 0.01), 
261 whereas CTEs varied among populations (Χ2 = 51.97, df = 5, p < 0.001) but not years (Χ2 = 3.33, df 
262 = 3, p = 0.34). The distributions of nest-scale P and CTEs differed for about half of population pairs 
263 (See Table S3 in Supporting Information; Fig. 4A). Overall, nest-scale values of P and the CTE 
264 were strongly related (r = 0.92) (Fig. 4B). Even though these two variables are not independent, 
265 since CTEs were used to estimate P, the strength of their linear relationship across all populations 
266 was not assumed.
267 Geographic variation
268 When 12 populations of C. picta were included in analyses, linear models found no effect of 
269 latitude, longitude, longitude2, longitude3 or the latitude:longitude interaction on P or S. More 
270 southern populations had slightly lower values for P and slightly wider TRTs (Fig. 5). However, 
271 location only explained about 10% of the variation in P (F = 1.26, df = 6, R2adj = 0.10, p = 0.39) 
272 among populations. The goodness-of-fit of logistic models was ∞ for the NM, ND, and VA 
273 populations, probably due to low sample sizes at a limited range of constant incubation 
274 temperatures (Table S1). When those populations were removed from linear models, location 
275 explained 33% of the variation in P (F = 1.99, df = 4, R2adj = 0.33, p = 0.26), if the 3rd-order 
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276 polynomial term for longitude was excluded. When those same populations were removed from the 
277 linear model of S, location explained just over half of the variation in the TRT (F = 4.18, df = 5, 
278 R2adj = 0.54, p = 0.08).
279 Since summarised temperatures for sand and soil substrate types were highly correlated (𝞣b = 
280 0.70 – 0.84), we only included values for ‘sand’ in linear models (Fig. 6). Microclimate 
281 temperatures did not explain variation in P (F = 0.02, df = 7/52, R2adj = -0.13, p = 1), regardless of 
282 how many populations were modeled. However, substrate temperatures, but not above-surface 
283 temperatures, were inversely associated with TRT values, when all 12 populations of C. picta were 
284 included (F = 2.14, df = 7/52, R2adj = 0.12, p = 0.06) (See Table S4 in Supporting Information). 
285 Including temperature:depth interactions in models eliminated statistically significant effects of 
286 coefficients for both P (F = 0.12, df = 19/40, R2adj = -0.39, p = 1) and S (F = 1.39, df = 19/40, R2adj = 
287 0.11, p = 0.19). 
288 Discussion
289 Re-thinking the use of the pivotal temperature
290 Population-scale responses of key ecological traits to local environmental conditions can provide 
291 insight into their adaptive potential. In species with TSD, short-term, individual-scale responses to 
292 the incubation environment have long-term, population-scale consequences (Mitchell & Janzen, 
293 2010). As expected, distributions of nest-scale values of P and their associated CTEs varied among 
294 populations, despite, contrary to our prediction, the lack of a clear relationship between P and local 
295 temperature normals. Like many other thermal traits, gonadal differentiation responds to incubation 
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296 conditions that fluctuate at fine spatial and temporal scales that are not necessarily captured by 
297 relatively broad summaries of thermal data (Helmuth, 2009). Ultimately, P may be less important to 
298 describing TSD systems in nature than has previously been implied under the assumption of an 
299 ‘optimal’ 1:1 sex ratio, a concept that has driven research on sex determination since Darwin 
300 (Edwards, 1998). Instead, when examining the population or species-level implications of TSD 
301 within the context of contemporary climate change, we may be better served by considering the 
302 TRT, recognising that P is merely a special case within that range (Mrosovsky & Pieau, 1991). 
303 Previously-identified geographic trends in P (Ewert et al., 1994, 2005) are likely an artefact 
304 of sampling bias (e.g., fitting data from only a few populations) (Gienger, Dochtermann, & Tracy, 
305 2018) or experimental protocol (Janzen & Paukstis, 1991), rather than reflective of a biologically 
306 significant response to thermal conditions. In this study, inter-population variation in S was more 
307 closely linked with location than was variation in P. In addition, the TRT tended to be wider at 
308 lower latitudes (Fig. 5), which is what we would expect if the transitional range was responsive to 
309 local conditions (though temperature itself did not convincingly explain that pattern, and estimation 
310 of the TRT was probably also impacted by sample size). In terms of adjusting the primary sex ratio, 
311 selection on P will be weaker as the TRT widens, especially when – as in C. picta – the reaction 
312 norm of sex determination is symmetrical, or nearly so, around P. An adaptive response in a TSD 
313 type I system might be more readily indicated by an increasingly asymmetrical TRT, regardless of 
314 whether the population-scale value of P changes over time. In terms of fitting TSD models, that 
315 shift would manifest in the K constant (Girondot, 1999).
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316 Highlighting individual variation
317 Even though geography does not satisfactorily explain variation in P at the population scale, we 
318 detected between-population shifts in both P and CTEs at the nest scale. By focusing solely on 
319 population-scale P as a proxy of a TSD system, we are missing intra-population variation that 
320 drives the width of the TRT and may be important for adjusting primary sex ratios in variable 
321 environments. Constant incubation experiments have detected heritable sex ratios in other reptile 
322 species (Bull et al., 1982; Janzen, 1992; Rhen, Schroeder, Sakata, Huang, & Crews, 2011). 
323 However, given the divergence of nest-scale responses from population values identified in this 
324 study, heritability estimates may differ under naturally fluctuating incubation conditions (McGaugh 
325 & Janzen, 2011). 
326 The wide range of nest-scale P estimated in this study, > 5°C for some populations, suggests 
327 that the temperature sensitivity of gonadal differentiation varies substantially, at least at the scale of 
328 individual females. Yolk estradiol can vary seasonally and with maternal age, which could 
329 contribute to differences in hatchling sex ratios at the nest scale and a seasonal bias in estimations 
330 of P (Bowden, Ewert, & Nelson, 2000; Carter, Bowden, & Paitz, 2017; Carter et al., 2018). In 
331 addition, inhibiting aromatase activity broadens the TRT, producing mixed sex ratios across a wider 
332 range of incubation temperatures (Warner, Mitchell, Bodensteiner, & Janzen, 2017). Linking 
333 maternal effects like egg estradiol content with developmental physiology and nesting behaviour, 
334 then testing for repeatability and/or heritability under fluctuating incubation conditions could 
335 elucidate a complex pathway for moderating hatchling sex ratios in nature.
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336 Re-focusing on the thermosensitive period
337 Thermally-mediated developmental plasticity in reptiles is an area of increasing research focus 
338 (While et al., 2018). However, relatively few studies have attempted to simulate fluctuating 
339 incubation temperatures in a lab environment within the context of TSD (Bowden et al., 2014; 
340 Carter et al., 2018; Janzen & Paukstis, 1991; McGaugh & Janzen, 2011; While et al., 2018). 
341 Fluctuating temperatures consistently lead to higher CTEs, more female hatchlings, and longer total 
342 incubation periods (Les et al., 2007). However, these studies have constrained incubation 
343 temperatures to remain within the range of temperatures that facilitates linear development 
344 (Georges et al., 2005; Georges, Limpus, & Stoutjesdijk, 1994). Temperatures outside of this range, 
345 where embryonic growth slows – potentially at different rates – as the critical thermal 
346 minimum/maximum values are approached, are regularly experienced in natural nests (Refsnider et 
347 al., 2014; Schwarzkopf & Brooks, 1985). Fluctuating incubation conditions may have unexpected 
348 impacts on sex ratios, relative to what can be observed in the lab. For example, very short ‘hot’ 
349 periods can disproportionately impact sex ratios (Carter et al., 2018). Predicted sex ratios can also 
350 vary substantially based on how developmental period and incubation duration are defined (Fuentes 
351 et al., 2017).
352 One potential explanation for this disparity between experimental results and expected 
353 outcomes in the wild – both in this and previous studies – is the relatively little attention given to 
354 the timing of gonadal differentiation, compared with incubation conditions themselves. In species 
355 with TSD, gonadal differentiation is triggered within a particular developmental window: the 
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356 thermosensitive period(s), or TSP (Mrosovsky & Pieau, 1991; Pieau & Dorizzi, 1981). By 
357 definition, while temperatures experienced before and after the TSP impact development, they do 
358 not ultimately affect sex. The length of the TSP varies depending on incubation conditions, since 
359 development rate itself depends on temperature (Mrosovsky & Pieau, 1991; Nelson, Keall, 
360 Refsnider, & Carter, 2018). One of the consequences of avoiding incubation conditions outside of 
361 the linear range of embryonic growth during most lab experiments is that we may be mis-targeting 
362 the TSP, a potential explanation for the disparity between lab and field estimates of P found here.
363 Constant incubation conditions essentially neutralise the TSP. That is, gonadal differentiation 
364 will occur in the same way, regardless of when it occurs, because the CTE is simply the incubation 
365 temperature. Experiments that switch between constant incubation conditions can be used to 
366 identify the developmental limits of temperature sensitivity, including how development rates 
367 respond to increasing/decreasing temperatures. However, predicting the timing of the TSP is 
368 complicated under fluctuating thermal conditions, especially if the magnitude of fluctuations is high 
369 enough to shorten or shift the timing of the TSP (Girondot, Monsinjon, & Guillon, 2018). Since 
370 predicting future hatchling sex ratios in species with TSD is important within the context of climate 
371 change, the most informative future project may be a simulation study to develop a definition of the 
372 TSP that can be translated from laboratory to field incubation conditions.
373 Conclusion
374 Studies on the evolution of plasticity often quantify slopes and intercepts to characterise linear 
375 reaction norms but do not always account for among-individual variation. Here, we show how this 
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376 oversight limits our ability to capture intra-population variation that drives the shape (i.e., the slope 
377 or, in this case, TRT) of a reaction norm. In the case of TSD, that variation could be extremely 
378 important for understanding the adaptive potential of this fundamental thermal response.
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557 Figure Legends
558 Figure 1. General shape of the relationship between sex ratio and incubation temperature in a 
559 species with temperature-dependent sex determination (TSD) type Ia (Ewert & Nelson, 1991). The 
560 transitional range of temperatures (TRT) is the range of incubation temperatures that produces 
561 mixed sex ratios (here, between 0.50-95). The pivotal temperature (P) is the temperature that 
562 produces a sex ratio of 0.5. Note that the TRT can be asymmetrical around P. [CC BY 4.0 | doi: 
563 10.6084/m9.figshare.8168390]
564
565 Figure 2. Map showing approximate locations of painted turtle (Chrysemys sp) populations. Beyond 
566 state, the literature does not contain location information for the Maryland (MD) population. 
567 Species/subspecies distributions are indicated by dashed lines (digitised and adapted from Jensen et 
568 al., 2015). The plots show logistic sex ratio response curves, showing individual populations 
569 (labeled by state/province) and a composite plot of all populations except MD. The color scale 
570 indicates the deviation of a specific population’s estimated pivotal temperature (P) from the all-
571 population model (28.24°C). Intervals around each line show minimum and maximum predicted 
572 offspring sex ratios, given standard errors in P. Gray-shaded rectangles indicate the TRT, the range 
573 of temperatures that produces mixed sex ratios (0.50-0.95). As reflected in the point size, the 
574 number of eggs incubated at each constant temperature treatment varied from 2 – 313. Dashed 
575 horizontal lines intersect with the constant incubation equivalent (CTE) at which theoretical 
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576 offspring sex ratios are 1:1 (i.e., T = P). Figure created in Gimp v. 2.10.4 (The GNU Image 
577 Manipulation Program Team, http://gimp.org). [CC BY 4.0 | doi: 10.6084/m9.figshare.8168426]
578
579 Figure 3. Line plots showing constant incubation equivalents (CTEs) for sex determination in 
580 painted turtles (Chrysemys picta), estimated from hourly temperature data recorded in natural nests 
581 and resultant hatchling sex ratios predicted using individual population models (solid line) and the 
582 ‘All Population’ model (dashed line), which were fit to lab-based constant incubation data. Shaded 
583 intervals around each solid line show minimum and maximum predicted offspring sex ratios, given 
584 standard errors in P and S. Points are the actual sex ratios measured in those natural nests. That the 
585 lines do not tend to fit the points well indicates how poorly the constant-temperature TSD models 
586 predict the outcomes of fluctuating incubation conditions in natural nests. [CC BY 4.0 | doi: 
587 10.6084/m9.figshare.8168429]
588
589 Figure 4. (A) Boxplots showing the distribution of pivotal temperatures (P) of sex determination in 
590 painted turtles (Chrysemys picta), estimated for individual nests, with raw values (i.e., for individual 
591 nests) overlaid. Outliers are darker points. The black line indicates lab-derived, population-scale 
592 values of P (+/- SE). Statistical comparisons among populations are in Table S3. Plot (B) shows the 
593 linear relationship between nest-scale CTEs and values of P (r = 0.92), pooled across years. Figure 
594 created in Gimp v. 2.10.4 (The GNU Image Manipulation Program Team, http://gimp.org). [CC BY 
595 4.0 | doi: 10.6084/m9.figshare.8168435]
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596 Figure 5. Scatter plots showing the linear (+/- SE) relationship between pivotal temperature (P) of 
597 sex determination and the width of the transitional range of temperatures (quantified by the S 
598 parameter) and geographic location (labeled by state/province) among populations of painted turtles 
599 (Chrysemys picta). The gray curves on the ‘Longitude’ plots show 2nd-order (dashed) and 3rd-order 
600 (dotted) polynomial functions, which more closely represent the spatial distribution of temperature 
601 conditions across North America. The color scale indicates the deviation of each population’s 
602 estimated pivotal temperature (P) from the all-population model (28.24°C). Figure created in Gimp 
603 v 2.10.4 (The GNU Image Manipulation Program Team, http://gimp.org). [CC BY 4.0 | doi: 
604 10.6084/m9.figshare.8168441]
605
606 Figure 6. Scatterplot showing mean July sand temperature normals for 12 locations with resident 
607 painted turtle (Chrysemys picta), populations. Black triangles are population-scale pivotal 
608 temperatures (P) of sex determination, with vertical lines showing the width of the transitional 
609 range of temperatures around P. Gray triangles are actual mean July nest temperatures, where 
610 available, with data for each population pooled across years. Model results are in Table S4. [CC BY 
611 4.0 | doi: 10.6084/m9.figshare.8168453] 
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612 Supporting Information
613 Additional supporting information may be found in the online version of this article.
614
615 Figure S1. Distributions of constant-temperature equivalents among populations
616 Table S1. Initial goodness-of-fit assessment of TSD models
617 Tables S2a-c. Statistical summaries of TSD model predictive abilities
618 Table S2d. Key to model numbers for Tables S2a-c
619 Table S3. Among-population statistical comparisons of pivotal temperatures and constant-
620 temperature equivalents
621 Table S4. Statistical summaries of effect of local microclimate conditions on pivotal temperatures 
622 and transitional ranges of temperatures
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623 Data accessibility
624 All data and code are available at figshare [doi:10.6084/m9.figshare.7528727] (Carter et al 2018). 
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Supporting Information
Figure S1. Boxplots showing the distribution of all constant incubation equivalents (CTEs) for sex determination by 
population of painted turtles (Chrysemys picta), with raw values (i.e., for individual nests) overlaid. Outliers are darker 
points. Colors indicate which set of hourly temperature data was used to estimate CTEs: (I) the original dataset, with 
sporadic values < 0°C replaced by linear interpolation, but all high values included, (II) the dataset constrained to 50°C, 
(III) the dataset constrained to 40°C, (IV) the first dataset -1°C of simulated error, and (V) the first dataset +1°C of 
error. Only in the case of overestimation (or, alternatively, increased temperatures) are CTEs and, thus potentially sex 
ratios, affected. [CC BY 4.0 | doi: 10.6084/m9.figshare.7530515]
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Supporting Information 
Table S1. Summary of initial assessment of model goodness-of-fit by population of painted turtles (Chrysemy picta) of 
the relationship between constant incubation temperature and hatchling sex, not including uncertainty in incubation 
temperatures. The relatively best-fit model (ΔAIC = 0, except where the Hill model was selected) is highlighted in bold 
text. The Richards (A-logistic) model adds the K constant to the logistic model, allowing for asymmetry around P 
(Girondot 1999, Godfrey et al 2003). The Hill, Hulin, and Double Richards models are modifications of the Richards 
model that allow K constants to vary with temperature in different ways (Hulin et al 2009). Ultimately, we chose to use 
the logistic model for all populations, where K = 0 (Equation 2). Asterisks indicate the level of significance of a Χ2 
goodness-of-fit test: p ≤ 0.10s, p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***. 
 
population model AICc ΔiAIC ωiAIC P (SE) (°C) S (SE) TRT (°C) 
ID 
Logistic -4.48 0.00 4.83e-01 28.49(0.07) -0.17(0.04) 1.00 
Hill -4.47 0.02 4.78e-01 28.49(0.07) -0.01(0.00) 1.02 
A-logistic 0.60 5.08 3.80e-02 28.48(0.08) -0.15(0.07) 1.02 
Hulin 12.63 17.12 9.26e-05 28.48(0.09) -0.11(-) 20.55 
Double Richards 12.66 17.14 9.15e-05 28.49(0.06) -0.07(0.26) 1.03 
IL 
Logistic*** -29.28 0.00 5.42e-01 28.01(0.11) -0.48(0.09) 2.87 
Hill*** -28.94 0.33 4.58e-01 28.01(0.11) -0.02(0.00) 2.81 
A-logistic*** -2.15 27.12 6.98e-07 27.92(0.06) -0.03(0.03) 2.12 
Hulin** ∞ ∞ - 27.75(0.05) -0.01(0.00) - 
Double Richards** ∞ ∞ - 27.54(0.06) -0.02(0.02) 2.64 
IN 
Logistic -3.20 0.00 4.80e-01 28.00(0.02) -0.06(2.33) 0.35 
Hill -3.20 0.00 4.80e-01 28.00(0.01) -0.00(0.01) 0.36 
A-logistic 1.80 5.00 3.94e-02 28.00(0.03) -0.07(1.92) 0.33 
Hulin*** 13.80 17.00 9.77e-05 28.00(0.03) 0.00(2.14) 21.21 
Double Richards*** 13.80 17.00 9.77e-05 28.00(0.00) -0.05(2.81) 2.66 
KS 
Logistic 0.12 0.00 4.96e-01 28.31(0.16) -0.18(0.08) 1.06 
Hill 0.12 0.00 4.95e-01 28.31(0.16) -0.18(0.08) 1.07 
A-logistic 8.15 8.03 8.94e-03 28.35(0.21) -0.22(0.20) 1.00 
Hulin 36.31 36.19 6.86e-09 28.25(0.38) -0.05(0.27) 20.66 
Double Richards 36.59 36.48 5.95e-09 28.48(-) -0.04(0.19) 0.73 
MD 
Logistic ∞ ∞ - 26.25(-) -0.01(0.00) 0.07 
Hill ∞ ∞ - 26.22(-) 0.00(0.00) 0.02 
A-logistic*** -24.00 0.00 7.87e-01 26.85(-) -0.04(-) 0.18 
Hulin -20.00 4.00 1.07e-01 26.85(-) -0.04(-) 0.18 
Double Richards -20.00 4.00 1.07e-01 26.85(-) -0.04(-) 0.18 
MN 
Logistic*** -26.18 0.00 5.48e-01 28.74(0.22) -0.48(0.13) 2.80 
Hill*** -25.78 0.40 4.49e-01 28.73(0.22) -0.02(0.00) 2.82 
A-logistic*** -16.09 10.09 3.52e-03 28.63(0.23) -0.20(0.09) 3.55 
Hulins 6.23 32.42 5.00e-08 28.40(0.09) -0.22(0.07) - 
Double Richards** 1.33 27.52 5.79e-07 28.50(0.01) -0.26(0.08) - 
ND 
Logistic** ∞ ∞ - 28.77(0.04) -0.22(0.03) 1.29 
Hill** ∞ ∞ - 28.77(0.04) -0.01(0.00) 1.29 
A-logistic*** -34.96 0.00 7.87e-01 28.82(0.04) -0.33(0.04) 1.36 
Hulin -30.95 4.00 1.06e-01 28.82(0.04) -0.33(0.04) 1.36 
Double Richards -30.96 4.00 1.07e-01 28.82(0.04) -0.33(0.04) 1.36 
NE 
Logistic* -23.18 0.69 4.11e-01 28.65(0.12) -0.39(0.08) 2.31 
Hill** -23.87 0.00 5.81e-01 28.65(0.18) -0.01(0.00) 2.37 
A-logistic* -15.12 8.75 7.33e-03 28.68(0.10) -0.48(0.10) 1.96 
Hulin** -3.12 20.75 1.82e-05 28.68(0.10) -0.48(0.10) 1.96 
Double Richards** -3.12 20.75 1.82e-05 28.68(0.10) -0.48(0.10) 1.96 
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population model AICc ΔiAIC ωiAIC P (SE) (°C) S (SE) TRT (°C) 
NM 
Logistic* ∞ ∞ - 28.51(0.21) -0.47(0.16) 2.75 
Hill* ∞ ∞ - 25.50(0.21) -0.02(0.01) 2.74 
A-logistic*** -29.78 0.00 8.05e-01 28.27(0.21) -0.01(-) 3.05 
Hulin -25.78 4.00 1.09e-01 28.27(0.21) 0.00(0.00) 3.05 
Double Richards -25.31 4.47 8.62e-02 27.83(0.68) -0.01(-) 4.21 
ON 
Logistic*** -660.07 2.08 2.61e-01 28.25(0.31) -0.53(0.03) 3.13 
Hill*** -662.14 0.00 7.38e-01 28.24(0.31) -0.02(0.00) 3.13 
A-logistic*** -646.73 15.41 3.32e04 28.33(0.04) -0.78(0.08) 3.30 
Hulin*** -645.12 17.02 1.48e-04 28.32(0.04) -0.78(0.16) 3.28 
Double Richards*** -644.46 17.68 1.07e-04 28.43(0.08) -0.62(0.15) 3.16 
OR 
Logistic -9.70 0.15 4.75e-01 27.74(0.10) -0.25(0.06) 1.46 
Hill -9.86 0.00 5.13e-01 27.73(0.10) -0.01(0.00) 1.46 
A-logistic -2.41 7.44 1.24e-02 27.79(0.10) -0.34(0.09) 1.38 
Hulin 9.59 19.45 3.07e-05 27.79(0.10) -0.34(0.09) 1.38 
Double Richards 9.59 19.44 3.07e-05 27.79(0.10) -0.34(0.09) 1.38 
TN§ 
Logistic -21.39 0.15 4.20e-01 27.10(0.09) -0.32(0.05) 1.89 
Hill -21.55 0.00 4.53e-01 27.10(0.09) -0.01(0.00) 1.87 
A-logistic -18.62 2.92 1.05e-01 27.13(0.10) -0.41(0.16) 2.04 
Hulin -14.49 7.06 1.33e-02 27.13(0.10) -0.43(0.16) 2.03 
Double Richards -13.54 8.01 8.27e-03 27.34(0.29) -0.07(0.20) 2.21 
VA 
Logistic ∞ ∞ - 28.66(0.32) -0.70(0.34) 4.13 
Hill ∞ ∞ - 28.66(0.33) -0.03(0.01) 4.24 
A-logistic*** -33.60 0.00 7.87e-01 28.64(0.28) -0.83(0.40) 3.39 
Hulin -29.60 4.00 1.06e-01 28.64(0.28) -0.83(0.40) 3.39 
Double Richards -29.60 4.00 1.07e-01 28.64(-) -0.83(-) 3.39 
WI 
Logistic -6.04 0.35 4.56e-01 29.05(0.06) -0.22(0.04) 1.30 
Hill -6.40 0.00 5.44e-01 29.05(0.07) -0.01(0.00) 1.31 
A-logistic 16.26 22.66 6.55e-06 29.08(0.07) -0.29(0.06) 1.16 
Hulin ∞ ∞ - 29.08(0.07) -0.29(0.06) 1.16 
Double Richards ∞ ∞ - 29.08(0.07) -0.29(0.06) 1.16 
ALL 
Logistic*** -673.82 2.00 2.69e-01 28.24(0.03) -0.53(0.03) 3.13 
Hill*** -675.82 0.00 7.30e-01 28.23(0.03) -0.02(0.00) 3.13 
A-logistic*** -661.27 14.54 5.08e-04 28.31(0.04) -0.78(0.08) 3.29 
Hulin*** -659.89 15.93 2.54e-04 28.31(0.04) -0.73(0.17) 3.27 
Double Richards*** -659.03 16.79 1.65e-04 28.43(0.08) -0.59(0.14) 3.15 
§Data from C. dorsalis.  
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Supporting Information
Tables S2a-c. Summaries of generalized linear models testing the effects of model, year, and population of painted 
turtles (Chrysemys picta) on ability to predict hatchling sex ratios to within (a) 0.25, (b) 0.50, or (c) 0.75 of their 
measured values (on a scale of 0-1), with odds ratios (OR) and associated confidence intervals (CI). The ‘% success’ 
column shows the % of all nest-scale sex ratios (years and populations pooled) predicted successfully by each model at 
the given accuracy index. Asterisks indicate the level of significance of p-values: p ≤ 0.10, p ≤ 0.05*, p ≤ 0.01**, p ≤ 
0.001***. A key to model numbers is provided in Table 2d.
a. Accuracy index = 0.25 𝜷-coeff SE z-value 2.5% CI OR 97.5% CI % success
model
intercept (1) 3.24 0.22 14.55*** 16.58 25.55 39.70 56
2 0.05 0.22 0.22 0.68 1.05 1.62 57
3 0.02 0.22 0.11 0.67 1.02 1.58 57
4 0.12 0.22 0.55 0.73 1.13 1.74 59
5 0.05 0.22 0.22 0.68 1.05 1.62 57
6 0.02 0.22 0.11 0.67 1.02 1.58 57
7 0.12 0.22 0.55 0.73 1.13 1.74 59
8 0.05 0.22 0.22 0.68 1.05 1.62 57
9 0.02 0.22 0.11 0.67 1.02 1.58 57
10 0.12 0.22 0.55 0.73 1.13 1.74 59
11 0.00 0.22 0.00 0.65 1.00 1.54 56
12 0.02 0.22 0.11 0.67 1.02 1.58 57
13 0.00 0.22 0.00 0.65 1.00 1.54 56
14 0.00 0.22 0.00 0.65 1.00 1.54 56
15 0.02 0.22 0.11 0.67 1.02 1.58 57
16 0.00 0.22 0.00 0.65 1.00 1.54 56
17 0.00 0.22 0.00 0.65 1.00 1.54 56
18 0.02 0.22 0.11 0.67 1.02 1.58 57
19 -1.28 0.23 -5.63*** 0.18 0.28 0.43 30
20 -0.91 0.22 -4.12*** 0.26 0.40 0.62 37
year (2012)
2013 -2.16 0.17 -12.61*** 0.08 0.12 0.16 -
2014 -2.26 0.15 -14.84*** 0.08 0.10 0.14 -
2015 -2.23 0.15 -14.80*** 0.08 0.11 0.14 -
population (ID)
IL 0.48 0.23 2.03 1.03 1.61 2.59 -
MN -2.17 0.12 -17.43*** 0.09 0.11 0.14 -
NE -1.31 0.09 -15.08*** 0.23 0.27 0.32 -
NM 0.33 0.25 1.29 0.86 1.39 2.33 -
OR 0.58 0.22 2.67** 1.18 1.79 2.79 -
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b. Accuracy index = 0.50 𝜷-coeff SE z-value 2.5% CI OR 97.5% CI % success
model
intercept (1) 3.25 0.23 14.12*** 16.46 25.70 40.55 68
2 0.05 0.23 0.23 0.67 1.05 1.64 69
3 0.13 0.23 0.57 0.73 1.14 1.79 70
4 0.13 0.23 0.57 0.73 1.14 1.79 70
5 0.05 0.23 0.23 0.67 1.05 1.64 69
6 0.13 0.23 0.57 0.73 1.14 1.79 70
7 0.13 0.23 0.57 0.73 1.14 1.79 70
8 0.05 0.23 0.23 0.67 1.05 1.64 69
9 0.13 0.23 0.57 0.73 1.14 1.79 70
10 0.13 0.23 0.57 0.73 1.14 1.79 70
11 0.00 0.23 0.00 0.64 1.00 1.56 68
12 0.00 0.23 0.00 0.64 1.00 1.56 68
13 0.00 0.23 0.00 0.64 1.00 1.56 68
14 0.00 0.23 0.00 0.64 1.00 1.56 68
15 0.00 0.23 0.00 0.64 1.00 1.56 68
16 0.00 0.23 0.00 0.64 1.00 1.56 68
17 0.00 0.23 0.00 0.64 1.00 1.56 68
18 0.00 0.23 0.00 0.64 1.00 1.56 68
19 -1.22 0.22 -5.52*** 0.19 0.29 0.45 42
20 -0.79 0.22 -3.57*** 0.29 0.46 0.70 51
year (2012)
2013 -1.76 0.17 -10.18*** 0.12 0.17 0.24 -
2014 -1.49 0.15 -9.85*** 0.17 0.22 0.30 -
2015 -1.76 0.15 -11.64*** 0.13 0.17 0.23 -
population (ID)
IL 0.18 0.25 0.74 0.75 1.20 1.98 -
MN -1.75 0.12 -14.47*** 0.14 0.17 0.22 -
NE -1.42 0.10 -14.76*** 0.20 0.24 0.29 -
NM -0.35 0.26 -1.31 0.43 0.71 1.21 -
OR 0.11 0.23 0.49 0.72 1.12 1.81 -
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c. Accuracy index = 0.75 𝜷-coeff SE z-value 2.5% CI OR 97.5% CI % success
model
intercept (1) 2.39 0.24 9.87*** 6.80 10.87 17.56 75
2 0.15 0.24 0.61 0.72 1.16 1.87 77
3 0.15 0.24 0.61 0.72 1.16 1.87 77
4 0.18 0.24 0.73 0.74 1.19 1.93 78
5 0.15 0.24 0.61 0.72 1.16 1.87 77
6 0.15 0.24 0.61 0.72 1.16 1.87 77
7 0.18 0.24 0.73 0.74 1.19 1.93 78
8 0.15 0.24 0.61 0.72 1.16 1.87 77
9 0.15 0.24 0.61 0.72 1.16 1.87 77
10 0.18 0.24 0.73 0.74 1.19 1.93 78
11 0.03 0.24 0.12 0.64 1.03 1.65 75
12 0.00 0.24 0.00 0.63 1.00 1.60 75
13 0.03 0.24 0.12 0.64 1.03 1.65 75
14 0.00 0.24 0.00 0.63 1.00 1.60 75
15 0.00 0.24 0.00 0.63 1.00 1.60 75
16 0.03 0.24 0.12 0.64 1.03 1.65 75
17 0.00 0.24 0.00 0.63 1.00 1.60 75
18 0.00 0.24 0.00 0.63 1.00 1.60 75
19 -1.07 0.23 -4.74*** 0.22 0.34 0.53 53
20 -0.66 0.23 -2.90** 0.33 0.52 0.81 62
year (2012)
2013 -0.80 0.18 -4.46*** 0.31 0.45 0.64 -
2014 -0.33 0.16 -2.05* 0.53 0.72 0.98 -
2015 -0.72 0.16 -4.60*** 0.36 0.49 0.66 -
population (ID)
IL 0.02 0.25 0.09 0.64 1.02 1.69 -
MN -0.91 0.13 -6.85*** 0.31 0.40 0.52 -
NE -1.37 0.10 -13.42*** 0.21 0.25 0.31 -
NM -0.64 0.27 -2.34* 0.32 0.53 0.92 -
OR 1.30 0.40 3.25** 1.80 3.67 8.83 -
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Table S2d. Key to model numbers for Tables 2a-c. For the pivotal temperature (P) and transitional range (S), the ‘a’ or 
‘p’ subscript indicates whether the ‘all-population’ or ‘population specific’ values were used to calculate hatchling sex 
ratios of painted turtles (Chrysemys picta). The ‘temps’ column indicates which set of hourly temperature data was used 
to estimate CTEs: (I) the original dataset, with sporadic values < 0°C replaced by linear interpolation, but high values 
included, (II) the interpolated dataset constrained to  50°C, or (III) the interpolated dataset constrained to  40°C.
variable values
model # pivotal temperature (°C) transitional range temps
1 Pa Sa I
2 Pp - SE Sp - SE I
3 Pp Sp I
4 Pp + SE Sp + SE I
5 Pp - SE Sp - SE III
6 Pp Sp III
7 Pp + SE Sp + SE III
8 Pp - SE Sp - SE II
9 Pp Sp II
10 Pp + SE Sp + SE II
11 Pa - SE Sa - SE I
12 Pa + SE Sa + SE I
13 Pa - SE Sa - SE III
14 Pa Sa III
15 Pa + SE Sa + SE III
16 Pa - SE Sa - SE II
17 Pa Sa II
18 Pa + SE Sa + SE II
19 Pa Sa I +1°C
20 Pa Sa I -1°C
Page 50 of 52
Functional Ecology: Confidential Review copy
Functional Ecology: Confidential Review copy
Functional Ecology
Carter, A., Bodensteiner, B., Iverson, J., Milne-Zelman, C., Mitchell, T., Refsnider, J., Warner, D., & Janzen, F. Breadth of the thermal response 
captures individual and geographic variation in temperature-dependent sex determination.
Supporting Information
Table S3. Results from two-sample Mann-Whitney U tests, comparing nest-scale pivotal temperatures (UP) and CTEs 
(UCTE) between populations of painted turtles (Chrysemys picta). P-values for Illinois (IL), New Mexico (NM), and 
Oregon (OR) populations were calculated on a normal approximation, since sample sizes were small. The ‘Est’ columns 
give the median of the difference (°C) between the two populations with 95% CI. Asterisks indicate the level of 
significance of p-values of the test statistic: p ≤ 0.10, p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***.
Pop 1 Pop 2 UP 2.5% CI EstP 97.5% CI UCTE 2.5% CI EstCTE 97.5% CI
ID IL 298* 0.17 1.19 1.87 304* 0.17 0.91 3.02
ID MN 1706 -0.12 0.30 0.66 2195*** 0.31 0.52 0.75
ID NE 2368 -0.06 0.40 0.89 2911*** 0.34 0.68 1.14
ID NM 82 -1.86 -1.07 0.27 86 -0.84 -0.30 0.15
ID OR 59*** -1.61 -1.03 -0.51 12*** -1.90 -1.40 -0.96
IL MN 121 -1.73 -0.76 0.31 154 -2.48 -0.28 0.33
IL NE 206 -1.77 -0.53 1.26 230 -2.05 -0.10 0.96
IL NM 4* -3.50 -2.04 -0.27 1** -3.83 -1.04 -0.29
IL OR 6** -3.33 -2.29 -0.90 0*** -4.77 -2.39 -1.35
MN NE 2025 -0.33 0.15 0.69 2036 -0.18 0.11 0.50
MN NM 55* -2.34 -1.13 -0.12 13*** -1.33 -0.77 -0.45
MN OR 56*** -2.16 -1.36 -0.58 1*** -2.41 -1.89 -1.51
NE NM 83* -3.30 -1.35 -0.06 39** -3.05 -0.87 -0.27
NE OR 99** -2.99 -1.53 -0.55 10*** -3.52 -2.08 -1.42
NM OR 19 -1.60 -0.16 1.02 2** -1.65 -1.12 -0.49
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Supporting Information
Table S4. Results from linear models, testing whether local microclimate sand temperatures predicted variation in 
pivotal temperatures and transitional ranges among 12 populations of painted turtles (Chrysemys picta). Including any 
temperature:depth interactions removed all statistically significant effects. Asterisks indicate the level of significance of 
p-values: p ≤ 0.10, p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***.
response 𝜷-coeff SE t-value
pivotal temperature (P)
intercept (surface temperatures) 28.73 1.30 22.06***
mean temperature -0.10 0.41 -0.24
max temperature 0.03 0.15 0.21
min temperature 0.07 0.25 0.27
1cm air temperature -0.12 0.48 -0.25
3cm sand temperature 0.00 0.34 -0.01
5cm sand temperature -0.02 0.52 -0.04
10cm sand temperature -0.09 0.72 -0.12
transitional range (S)
intercept (surface temperatures) -1.00 0.57 -1.76
mean temperature 0.62 0.18 3.42**
max temperature -0.23 0.06 -3.59***
min temperature -0.35 0.11 -3.17**
1cm air temperature 0.10 0.21 0.45
3cm sand temperature -0.43 0.15 -2.86**
5cm sand temperature -0.66 0.23 -2.90**
10cm sand temperature -0.74 0.32 -2.34*
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